Polarization independent silicon-on-insulator nanowires are highly sought after, due the inherent high birefringence of this material platform. State-of-the-art designs of non-birefringent waveguides include ridge waveguides and square nanowires, which either imply large dimensions, multiple etching steps, low fabrication tolerances or high wavelength dependence. In this work, we overcome all the aforementioned limitations through tilted subwavelength structures which provide anisotropy control of the resulting metamaterial. With a waveguide cross section of only 300 nm × 550 nm (height × width), the zerobirefringence point is obtained for an approximately 48 • -tilt of the subwavelength structure. Birefringence of the nominal design deteriorates by only 9.10 −3 even in the presence of size deviations of ±10 nm. Moreover, birefringence is maintained under 6.10 −3 in a 100-nm bandwidth around the central wavelength of 1550 nm. This innovative approach is readly adaptable to a wide range of waveguide sizes, while maintaining single-etch-step fabrication.
Introduction
Silicon-on-insulator (SOI) photonic platforms have experienced a remarkable growth in the last decades, mainly motivated by the low fabrication costs provided by their CMOS compatibility, and the high-density integration enabled by their high dielectric contrast [1] . These advantages have been successfully applied to numerous high-performance photonic building blocks such as arrayed waveguide gratings (AWGs) [2] , ring resonators [3] , modulators [4] or fiber to chip couplers [5] , to name a few. However, the strong polarization dependence of the platform still remains a challenge for the design of new generations of passive photonic devices. Although the materials of SOI platform present an isotropic behavior, their waveguide geometry and dielectric contrast result in disparate effective indices and field distributions for TE and TM polarizations. A common approach to avoid birefringence-related issues at chip level is to separately process TE and TM modes through polarization diversity schemes [6] , but this alternative requires efficient polarization beamsplitters [7] , [8] and significantly increases system size and complexity [9] . These disadvantages could be prevented by providing polarization-independent integrated photonic components, and particularly, waveguides with negligible birefringence.
Most of the approaches developed to achieve zero-birefringent (ZB) waveguides are related to geometrical modifications of their cross section, especially in ridge waveguides where modal field can be tuned by modifying waveguide width, height and etch depth [10] - [12] . However, in full-etch photonic wires, polarization independent behavior is limited to square geometries, with the subsequent increase in scattering losses (typical width to height ratios for low scattering losses are at least 2:1) [11] , [13] , [14] . Moreover, non-birefringent SOI nanowires are typically narrow-band [6] and present very low fabrication tolerances, as they are highly dependent on core dimensions (a ±10 nm variation in width results in a typical change in birefringence of 0.1 [15] ). Stress engineering was proposed in order to correct the birefringence fluctuations with the waveguide core dimensions and the residual birefringence due to fabrication errors, providing slight control through the difference in the expansion coefficients of the materials [16] . Different versions of this approach include modifying the thickness of the cladding layer [15] , the shape of the cross section of the core [17] or integrating a piezoelectric film that allows an electric dynamic control of the birefringence [18] , but all of them provide limited effectiveness in strip waveguides.
On the other hand, subwavelength gratings (SWG) have been intensively used in the last decades to engineer the effective refractive index of silicon waveguides, leading to a wide range of highperformance photonics devices [19] - [23] . SWGs periodically alternate core and cladding segments with a pitch much smaller than the wavelength of the light guided through the structure, generating a tailored metamaterial whose optical response can be adjusted by adequately selecting the grating geometry. Furthermore, SWG structures present an anisotropic nature, which was studied for the first time in the design of a single-polarization multimode interference coupler (MMI) with an ultrabroad bandwidth [24] . Recently, we have proposed a new technique for controlling SWG anisotropic response, based on tilting each individual segment of the SWG waveguide by a fixed angle away from the transverse direction [7] , [25] . SWG tilting greatly affects the resulting TE effective refractive index, whereas TM mode remains almost constant, providing an additional degree of freedom in the SWG design.
In this paper, we build upon the tilted-SWG approach to present a novel polarization insensitive strip waveguide that circumvents geometrical limitations of traditional solutions. By adequately selecting the SWG tilt angle, zero-birefringence states can be found for a wide range of nanowire geometries, without detriment of the single etch-step fabrication. Furthermore, the proposed topology provides a broad spectral response and improved robustness against fabrication deviations from the nominal design.
Principle of Operation and Design
The behavior of SWG structures, as periodic structures with finite dimensions in transverse directions, has been shown to be closely related to that of a homogeneous and anisotropic uniaxial medium [25] . A uniaxial crystal is characterized by a electric permittivity tensor, which is diagonal in its principal axes coordinate system, i.e. = [n 2 xx , n 2 yy = n 2 xx , n 2 zz ] [26]- [28] , where n xx and n yy are the refractive indexes in x and y directions and n zz is the refractive index along the z direction (propagation direction) which corresponds to the optical axis. When tilting the SWG segments with respect to the x axis, which means tilting the optical axis with respect to the z direction [see Fig. 1(a) ], the dielectric tensor that defines the material undergoes a rotation about the y axis, represented mathematically by the rotation matrix R y (θ). As a result, the dielectric tensor assumes a non-diagonal shape:
where its matrix elements are given by:
Defining the electric transverse mode (TE) as that polarized in the x-z plane (in-plane mode) and the magnetic transverse mode (TM) as that polarized in the y direction (out-of-plane mode), the approximate effect of the inclination of the SWG segments can be easily explained through Eq.(2). When the structure is tilted an angle θ with respect to the x direction, the effective refractive index of the TE mode varies from n xx to n zz when the segments rotate from parallel to x axis (θ = 0 • ) to parallel to the z axis (θ = 90 • ), enabling index engineering with the tilt angle. On the contrary, the TM mode, y-polarized, only sees n yy = n xx and is practically unaffected by the tilt. Therefore, tilt angle variations greatly affect the effective refractive index of the TE polarization, while the TM polarization behavior remains almost constant, allowing us to independently tune the effective refractive index of both polarizations.
The schematic of the proposed birefringence-free nanowire is shown in Fig. 1 . The waveguide is conformed by a subwavelength grating whose segments are tilted an angle θ in the x-z plane. Maintaining traditional SWG nomenclature, the grating pitch ( ) is defined perpendicularly to the waveguide segments, hence determining the minimum feature size of the structure. The modified pitch due to the tilt, representing the distance between two consecutive segments in the z direction is introduced as mod = / cos(θ). Likewise, the total width (w c ) is measured in the x direction, and corresponds to the width of the resulting equivalent waveguide with an effective refractive index of n eff ; whereas the width of each individual segment is w mod = w c /cos(θ) − tan(θ)DC , where DC is the duty cycle (i.e. the proportion of a silicon segment within one grating pitch). Finally, birefringence is defined as the difference between the effective refractive indexes of TE and TM polarization modes ( n = n TE eff − n TM eff ). Due to the high index contrast of SOI platforms, this difference can be as large as 0.4 for homogenous strip waveguides or 0.2 for SWG waveguides, very far from polarization independent behavior. By adequately selecting the tilt angle θ, the proposed structure circumvents the natural birefringence of this platform and provides ZB behavior (n TE eff = n TM eff ). As an initial proof of concept, the non-birefringence behavior of the tilted SWG nanowire was initially verified by modeling the structure as an anisotropic crystal characterized by the dielectric tensor (θ), as successfully demonstrated in [25] . Notice that the homogeneous medium anisotropy is a consequence of the SWG geometry, that is, even considering isotropic constituents, the resulting SWG structure presents an anisotropic behavior which can be approximated by the proposed homogeneous medium. We studied the dependence of both the effective refractive index of the ZB point (n eff = n TE eff = n TM eff ) and the ZB tilt angle as a function of the core height using modal analysis of the homogenized structure in Fig. 2(a) with the Finite Element Method (FEM) solver by Photon Design [29] . The initial parameters were set at w c = 500 nm, DC = 0.5 and = 220 nm. As ZB operation is mainly achieved by reducing n TE eff through SWG tilting, while n TM eff remains almost constant, a relatively low effective refractive index is produced. Since SWG waveguides have been demonstrated to exhibit leakage losses to the silicon substrate due to a combination of reduced modal confinement and finite thickness of the buried oxide (BOX) layer, a refractive index above 1.6 was targeted, in order to render this leakage penalty negligible [30] . As shown in Fig. 2(b) , this is achieved at core thicknesses over 260 nm when considering the unoptimized proof-of-concept parameters. It is also apparent that ZB tilt angle is reduced with increasing core thickness, which also results in higher effective indexes. Notice that, in case mode conversion between our proposed ZB waveguide and a regular SOI nanophotonic wire is required, adiabatic SWG tapers with negligible losses can be included [7] , [25] .
Simulation Results
Once the feasibility of ZB operation in our design was demonstrated through homogeneous medium approximation, accurate simulations of the real SWG structure ( Fig. 1(a) ) were carried out using 3D Finite Difference in Time Domain (FDTD) with a commercial photonic design software [31] . For each polarization, the band structure of the tilted SWG waveguide was calculated at varying tilt angles. Based on these band structures, the effective refractive index of the resulting Bloch-Floquet modes was computed for a broad frequency range, hence determining the zero-birefringence point and its dependence with different geometrical parameters. In particular, the effects on the ZB tilt angle of waveguide height and width, as well as grating pitch and duty cycle are shown in Fig. 3 . All simulations correspond to the fundamental TE and TM modes at a central wavelength of 1550 nm. Initial parameters were set at w c = 500 nm, h c = 300 nm and = 220 nm. The initial duty cycle was also set to 0.5 in order to maximize the minimum feature size and facilitate the fabrication process. The influence of the silicon layer height is studied with FDTD simulations in Fig. 3(a) . FDTD simulations of the complete structure as shown in Fig. 1(a) are computationally much more expensive than modal analysis of the anisotropic homogenized waveguide shown in Fig. 2 . Since the homogenous anisotropic model does not account for the segmented geometry of the waveguide it slightly overestimates the effective indexes for both polarizations. However, this error cancels out when computing the zero-birefringence angle, resulting in an excellent agreement in the ZB tilt angle predicted by both methods (see Fig. 3 , blue lines). From Fig. 3(a) it is furthermore clear that an increment in the height of the waveguide core reduces the ZB tilt angle while also increasing the resulting refractive index. This tendency in the tilt angle is consistent with the fact that waveguides with aspect ratios closer to 1:1 are inherently less birrefringent [13] , and therefore a lesser correction through SWG tilting is required, at the cost of increased leakage losses. In order to balance both factors, a height of hc = 300 nm was selected, facilitating ZB operation at a lower tilt angle with reduced leakage losses. Nevertheless, these conditions can also be met at lower heights by increasing waveguide width and/or duty cycle, as shown in Figs. 3(b) and 3(c) . Specifically, Fig. 3(b) shows the influence of the waveguide width in the ZB point, with increasing width leading to an increase in both effective refractive index and tilt angle. We note that the ZB angle is again very well predicted by modal analysis of the anisotropic homogenous waveguide. In a similar manner, Fig. 3(c) presents the effect of duty cycle variations. Increasing the duty cycle greatly increases the resulting effective refractive index, while the tilt angle remains almost flat providing good tolerance to fabrication errors. Finally, Fig. 3(d) demonstrates that both the ZB tilt angle and the refractive index are practically constant with pitch variations. This is a major design advantage, both in order to avoid Bragg reflections and to increase minimum feature size in solutions relying on uneven duty cycles. Both for variations in DC and pitch, the anisotropic homogeneous model provides an excellent estimation of the ZB angle.
For further bandwidth and fabrication tolerance analysis, the selected nominal design was h c = 300 nm, w c = 550 nm, DC = 0.5 and = 220 nm. This combination balances waveguide size and tilt angle, while providing relaxed minimum feature size requirements far from the Bragg regime. Nevertheless, notice that the same design principle is available for other waveguide thicknesses, as shown in Fig. 3(a) , as height reductions can be compensated through ZB angle increments and vice versa. For the selected parameters, the variation of the effective refractive index with the tilt angle for both TE and TM polarizations can be seen in the Fig. 4 . From the results it can be concluded that the ZB point is around 48.3 • , yielding an effective index of 1.6049. We observe that the birefringence changes by approximately 6.10 −3 per degree. However, the tilt angle is lithographically controlled and can thus be implemented with negligible variations.
To further assess the performance of our final design, we simulated both the spectral response of the tilted SWG waveguide and the leakage losses to the silicon substrate (Fig. 5 ). The results show that even within a bandwidth of 100 nm, the difference between TE and TM refractive indexes remains under 6.10 −3 (Fig. 5(a) ), hence providing broadband operation with negligible birefringence. Moreover, Fig. 5(b) show that, although high losses are deduced for a 1 μm-thick BOX, this value falls sharply down to a negligible 0.05 dB/cm for a BOX of 2 μm. A thickness of 2 μm for both the buried oxide (BOX) and upper SiO 2 cladding layers is therefore established for our final design.
Finally, an analysis of fabrication tolerances was also carried out, resulting in a birefringence under 9.10 −3 for a size deviation in the fabrication process up to ±10 nm. This implies a significant resilience improvement compared to other alternatives in the state of the art [11] , [15] . Notice that the error in the tolerance analysis refers to simultaneous size deviations in both directions of the xz plane, that is, in both the width and the length of each SWG segment (the latter hence modifying the resulting duty cycle of the SWG structure).
Conclusion
In conclusion, we have proposed a new type of zero-birefringence strip waveguide based on tilted subwavelength gratings. We have shown that the ZB angle can be accurately predicted by computationally efficient modal analysis of the equivalent anisotropic homogeneous waveguide. The proposed strategy allows us to engineer the anisotropy response of the waveguide for a wide range of geometries (height, width, grating duty cycle and pitch) hence circumventing aspect ratio and minimum feature size restrictions. For an exemplary implementation of 300 nm × 550 nm crosssection, the proposed waveguide presents a polarization independent behavior for a tilt angle of 48.3 • , with an effective refractive index of 1.6. Birefringence changes of approximately 6.10 −3 per degree are observed, although this parameter is lithographically controlled with negligible variations. Moreover, birefringence was calculated to be lower than 6.10 −3 in a 100-nm-wide bandwidth (1500-1600 nm), and a higher resilience to fabrication tolerances than traditional alternatives was demonstrated ( n < 9.10 −3 for variations up to ±10 nm). In addition, the proposed tilted structures does not increase fabrication complexity, as it can be fabricated in a single etching step, without any additional material, and a relaxed minimum feature size. Our birefringence free silicon waveguides also showcase the anisotropy engineering capabilities of tilted subwavelength gratings, paving the way for polarization independent behavior in more complex photonic devices and circuits, such as directional couplers, y-junctions, ring resonators, etc.
